Abstract--A series of synthetic goethites containing varying amounts of Si and P dopants were characterized by X-ray powder diffraction, electron diffraction, microbeam electron diffraction, and M6ssbauer spectroscopy. Very low level incorporation produced materials having structural and spectral properties similar to those of poorly crystalline synthetic or natural goethite. At higher incorporation levels, mixtures of noncrystalline materials were obtained which exhibited M6ssbauer spectra typical of noncrystalline materials mixed with a superparamagnetic component. Microbeam electron diffraction indicated that these mixtures contained poorly crystalline goethite, poorly crystalline ferrihydrite, and a noncrystalline component. If the material was prepared with no aging of the alkaline Fe 3+ solution before the addition of Na2HPO4 or Na2SiO3, materials were obtained containing little if any superparamagnetic component. If the alkaline Fe 3+ solution was aged for 48 hr before the addition, goethite nuclei formed and apparently promoted the precipitation of a superparamagnetic phase. The M6ssbauer-effect hyperfine parameters and the saturation internal-hyperfine field obtained at 4.2 K were typical of those of goethite; however, the M6ssbauer spectra indicated that the ordering temperature, as reflected in the relaxation rate and/or the blocking temperature, decreased with increasing incorporation of Si and P. The complete loss of crystallinity indicates that Si and P did not substitute for Fe, but rather adsorbed on crystal-growth sites, thereby preventing uniform crystal growth.
INTRODUCTION
Acicular crystals of goethite can be prepared by transformation of noncrystalline or poorly crystalline gels offerrihydrite composition (B6hm, 1925; Schwertmann and Fischer, 1966; Atkinson et al., 1968; Cornell and Schwertmann, 1979) . Electron diffraction studies (Goltztaub, 1935; van Oosterhout, 1960; Cornell et al., 1983) have shown that goethite crystals are commonly elongated in the [001 ] direction, although factors such as pH, temperature, and the presence of foreign elements in the synthetic system can influence the morphology of the final product. Synthetic goethites doped with A1 have been widely studied (e.g., Fysh and Clark, 1982; Fysh and Fredericks, 1983; Murad and Schwertmann, 1983; Schulze, 1984; Mann, 1983) . AI substitutes directly in goethite for Fe in octahedral sites because the ionic radius of A1 (0.67 A) (Shannon and Prewitt, 1969 ) is similar to that of Fe 3 § (0.78 A). M/Sssbauer spectroscopy (Taylor and Schwertmann, 1974; Murad and Schwertmann, 1983) have shown that A1 substitution has the same effect on the magnetic propCopyright 9 1988, The Clay Minerals Society erties of goethite as does poor crystallinity, namely, that it reduces the saturation internal hyperfine field.
Despite the fact that their octahedral ionic size (0.54 and 0.52 /~, respectively) argues against their incorporation into the goethite structure, Schwertmann and Thalmann (1976) and Koch et al. (1986) showed that Si and P affect the goethite crystallization process by stunting the growth of the acicular goethite crystals. The goal of the present investigation was to examine the influence of Si and P on the long-range crystalline and magnetic order of synthetic and natural solid iron oxides including goethite because iron oxides found both in clay minerals and biological substances (Mann, 1983; Mann et al., 1986 ) must have been deposited in the presence of both these elements. To this end, goethite-like products were prepared by precipitating aged solutions of ferric nitrate, sodium phosphate, and sodium silicate at pH 13.5-14. The products were then examined by X-ray powder and electron diffraction, electron microscopy, and M6ssbauer spectroscopy.
The term goethite is used in this report for materials 165 that were identified positively by X-ray powder or conventional electron diffraction methods. Materials which gave no characteristic X-ray powder diffraction patterns of goethite, but which gave microbeam electron diffraction patterns characteristic of goethite, ferrihydrite, and other iron oxide materials and which had H:Fe atomic ratios near that of theoretical goethite are referred to as mixtures. The name ferrihydrite is used herein for materials showing characteristic microbeam electron diffraction patterns and H:Fe ratios close to that of"theoretical" ferrihydrite, 5Fe203" 9H20 (Towe and Bradley, 1967; Chukhrov, 1973; Russell, 1979) .
EXPERIMENTAL
The goethites were prepared by the method described by Atkinson et al. (1968) . In each experiment 10.1 g (0.025 mole) of Fe(NO3)3" 9H20 was placed in a polythene bottle and dissolved in 30-40 cm 3 of distilled water. For pure goethite, sufficient aqueous NaOH was added to the ferric nitrate solution to give a pH of 10-11. After aging at 21 ~ + 3~ for 50 hr some precipitation occurred giving a layer of slurry and a layer of brownish supernatant solution. The sample was then heated in an oven at 70 ~ _+ 3~ After 17 hr, a thin layer of solid was observed beneath a clear, colorless, supernatant liquid.
Goethites incorporating Si and P were prepared by two methods. In method I, 10 cm 3 of aqueous NaOH was added to the ferric nitrate solution, and the resulting alkaline solutions, having a pH of ~ 13.5, were aged at 21 ~ -+ 3~ for 48 hr. Different volumes of a 0.1 M Na2HPO4 or NazSiO3 solution and 2.5 M NaOH solution were added until a pH of 13.5-14 was obtained. After vigorous agitation the samples were placed in a 70 ~ + 3~ oven for 1-15 days until goethite precipitation appeared to be complete. Method II was identical except that the samples were heated at 70 ~ _+ 3~ immediately after all solutions had been mixed. All preparations were then washed by repeated stirring with distilled water followed by centrifugation. The solid products were air dried at room temperature and characterized by elemental analysis (see Table 1 ).
The ratio of Fe to Si or P was determined by selected-area, energy-dispersive X-ray analysis (EDX) in a scanning electron microscope. The ratio of peak integrals was multiplied by a constant obtained from equivalent measurements on a known calibrant (Cheetham and Skarnulis, 1981) . These results were related to the water content by atomic absorption analysis for Fe and classical chemical analysis for H (by heating to extract water, which was measured by quantitative chromatography).
For electron imaging and conventional diffraction a JEOL 100CX TEMSCAN electron microscope was used. This instrument is a conventional transmission electron microscope with added scanning coils. High-resolution imaging was achieved with a JEOL 200CX transmission electron microscope. A JEOL 2000FX instrument was used for microelectron diffraction, wherein the electron beam was focused onto a sample area of 3 • 104 ]~2. The specimens used for microscopy were prepared from finely ground material suspended in chloroform. One or two drops of the suspension were placed on carbon-coated, Formvar-covered, copper grids. X-ray powder diffraction (XRD) patterns were obtained by using a Stoe-Guinier camera, having a narrow-slit X-ray source and a highly reflective curved graphite monochromator for high-angular resolution. The Mrssbauer spectra were measured on a Haiwell constant-acceleration spectrometer which utilized a room-temperature, rhodium-matrix cobalt-57 source and which was calibrated at room temperature with natural abundance a-iron foil. All absorbers contained 19 mg/cm 2 of sample. Spectra were obtained at 4.2 K in a cryostat which placed the sample directly in liquid helium. Variable-temperature spectra were obtained in an Oxford Instruments flow cryostat. Spectral analysis was carried out by using either standard least-squares minimization techniques (Longworth, 1984) or standard procedures (Wivel and Morup, 1981) for determining the distribution of hyperfine magnetic fields.
RESULTS

Analytical results
High-and low-incorporation ratios were obtained from both methods of preparation. Method II, in which all crystallization took place in the presence of Si or P, was used to obtain products incorporating more of these elements; however, as illustrated in Table 1 , the ratios of Si or P to Fe in products prepared by this method do not correlate directly with the initial concentrations of the dopant solution. In general, higher initial dopant concentrations produced higher incorporation levels in the products. The water content, of ---0.5 mole/Fe as determined by thermal gravimetric analysis, is listed in Table 1 . 
Electron and X-ray powder diffraction
Both electron diffraction and XRD methods were used to evaluate the crystallinity and homogeneity of the products (Table 1) . Single crystal electron diffraction patterns, characteristic ofgoethite, were displayed by preparation 1. In the products incorporating Si and P, only preparation 9 (containing < 1% dopant) gave an XRD pattern ofgoethite. None of the other products produced either XRD or conventional electron diffraction patterns, indicating either very poor or nonexistent crystallinity. Microbeam electron diffraction was then used to investigate the local crystalline order in the materials. In this technique (Quin, 1986 ) the electron beam spot size was reduced to a minimum diameter of about 200 ~ and the diffraction pattern from the resulting area was observed. In this way a diffraction pattern could be obtained from a small selected area of the material. Microbeam electron diffraction, with its enhanced sensitivity, revealed varying proportions of poorly crystalline goethite and ferrihydrite, as well as nondiffracting material (see Table  1 ).
Transmission electron microscopy and diffraction
High-and low-resolution electron micrographs of each product were obtained in the transmission mode of the electron microscope. The degree of departure from the typical acicular morphology of goethite increased as the degree of Si and P incorporation increased. Incorporation of 2.5 mole % Si resulted in a reduction of the crystal by ~ 18% and a stunting of the acicular morphology along the needle axis ( Figure 1 ). This reduction in length and change in frequency distribution ( Figure 2 ) indicate that growth was in part inhibited in the [001 ] crystal direction, which is parallel to the double chains of Fe(O,OH)6 octahedra (Murad and Johnston, 1987) . The preferential growth sites occur at the ends of the chains because the gaps present between these parallel chains (see Figure 9 of Murad and Johnston, 1987) make the plane normal to the [001] direction "rougher" on an atomic scale and, therefore, more energetically favorable for the adsorption of the Si and P. The morphology of the Si-containing sample ( Figures 1C and 1D ) was more regular than that of goethite (cf. Figures 1A and 1B ), but the disorder in the lattice fringes ( Figure 1D ) indicates structural irregularities, such as stepping in the crystal surface. At higher incorporation levels crystallization was further inhibited such that a mixture of microcrystalline materials was obtained (see Table 1 ).
MSssbauer spectroscopy
M6ssbauer spectra ofacicular crystals of natural goethite from the Restormel mine, Cornwall, United Kingdom (Figure 3) , can be compared with those of synthetic goethite (preparation 1, Figure 4 ). All natural samples are ordered at room temperature, but the linewidths of the magnetic sextets vary with the degree of crystallinity of the samples. The Restormel sample produced a spectrum virtually identical with those reported by Morup et al. (1983) . As expected, the synthetic goethite of preparation 1, which was less crystalline than the natural samples, produced a significantly broadened magnetic spectrum at room temperature. The saturation internal hyperfine field was essentially the same as that observed for the natural sample. The area-weighted average hyperfine parameters at selected temperatures for each preparation, resulting from the individual components shown in the illustrations, are presented in Table 2 . The distribution in internal hyperfine fields was determined by the method of Wivel and Morup (1981) ; the spectra were also fit to several magnetic sextets (Figures 5-13 ). The hyperfine parameters for the internal hyperfine-field distribution fits for all temperatures are given in Table  3 , along with the percentage of non-ordered material.
At room temperature, only preparation 2 of the materials incorporating Si was ordered; it showed a broad distribution in the internal hyperfine fields, indicating a high level of crystal imperfection. At room temperature all other materials incorporated with Si showed quadrupole doublets, the magnetic hyperfine field having collapsed with the decrease in long-range magnetic order as the crystallinity decreased. As seen in Figure  5 , the Mrssbauer spectrum of preparation 3, which contains 4% Si per Fe (i.e., 4 Si atoms per 100 Fe) has a weak ordered component at room temperature, as well as a strong quadrupole doublet.
Initially, each Si-containing product was studied at room temperature, 78, and 4.2 K. These spectra suggest that the ordering temperature decreased with increasing Si content until in preparations 6, 7, and 8 (containing 8 to 12% Si) the magnetic ordering was only apparent at 4.2 K. The only striking difference between the MSssbauer spectra of the more highly incorporated materials is the small magnetic component observed at 78 K in preparations 4 and 5, which is probably due to the method of preparation. In method I, the alkaline solutions were aged before the addition of Na2HPO4 or Na2SiO3 (see Experimental section). During this aging period nuclei of goethite crystals formed in the suspension and subsequently acted as growth site seeds in the main precipitation stage after the addition of the Na2HPO4 or Na2SiO3. At high Na2HPO4 or Na2SiO3 concentrations this nucleated growth was non-uniform. On the basis of M6ssbauer results obtained at room temperature, 78, and 4.2 K, we decided to investigate in detail the temperature dependence of the hyperfine fields in preparations 3 and 6. Selected results for preparation 3 (containing 4% Si) and 6 (containing 8.6% Si) are given in Figures 5-7 and 8 and 9, respectively. In preparation 3, two differences were noted: (1) beginning at 296 K, the quadrupole doublet decreased in intensity and a concomitant magnetic sextet grew in intensity with temperature (see Figure 5) ; and (2) at about 150 K a single broad peak, representing a magnetic component undergoing rapid relaxation on the M6ssbauer timescale, was present and increased in width with temperature until it separated into a resolved sextet at ~50 K (Figure 6 ). At lower temperatures ( Figure 7 ) the unordered component was absent, and a sharper distribution of internal hyperfine fields was present. The broad peak probably does not represent a specific phase, but rather a range of crystal sizes each having a different amount of incorporated Si. Preparation 6 behaved differently in that no ordered magnetic component was observed at _>78 K ( and 9) also prepared by method II. In contrast, preparation 12 (containing 6% P), which was aged as part of method I, contained microcrystalline goethite whose magnetic spectrum is apparent at 97.7 K (see Figure  12 ). For this preparation, the intensity of this magnetic component increased with decreasing temperature. Simultaneously, a broad line corresponding to a large distribution of hyperfine fields or broadened magnetic relaxation appeared and gradually broadened at tern-8). At temperatures < 65 K the internal hyperfine field gradually increased with decreasing temperature, until at -< 30 K (see Figure 9 ) a broad magnetic sextet was present. Similarly, in materials incorporating P, the temperature at which magnetic ordering appeared fell rapidly as the P:Fe ratio increased. Although all samples showed well-resolved magnetic sextets at 4.2 K, the linewidths were greater than those of the preparations containing Si. Here also, the samples prepared by method I, after aging, showed a weak magnetic sextet at higher temperature, whereas those prepared by method II showed no such component (see Figures 10 and 12) .
The importance of this aging step on the magnetic properties of the product is clearly revealed by the temperature dependence of the spectra obtained for preparations l0 and 12. Preparation 10, having a P:Fe ratio of 3.5:100 and prepared by method II with no aging and no prior formation of goethite nuclei and seeds, showed a slow increase in the internal field with decreasing temperature (Figures 10 and 11) . This behavior is similar to that of preparation 6 (Figures 8 
DISCUSSION
The incorporation of small amounts of Si or P (as little as 3%) during the preparation of synthetic goethites yielded products which contained similar amounts of water as synthetic goethite, but which differed in physical properties. The presence of larger amounts of Si or P during the synthesis resulted in mixtures that had water contents similar to that of goethite, but showed further differences from goethite in their physical properties.
In the absence of Si and P, the hydrolysis of aqueous Fe 3+ complexes gave oligomeric and polymeric forms which then precipitated out of solution as ferrihydrite. This material then redissolved at high pH allowing goethite to precipitate by successive addition of aqueous Fe 3+ hydroxide complexes, e.g., Fe(OH)4-. The decrease in crystallinity indicates that Si and P did not substitute for Fe in the crystal structure of goethite. Direct substitution of the Si or P for Fe would have led to materials exhibiting goethite XRD patterns, perhaps with differing lattice parameters. Rather, at least at these high pH values, by adsorption on growth sites the Si and P restricted crystallite size, forced irregularities in crystal growth, and ultimately (at high Si and P concentrations) prevented the formation ofgoethite. Although many of the products contained ferrihydrite All data in ram/s; 6avo is relative to room-temperature natural a-iron foil. H i n t is in kOe. Average values given are areaweighted averages.
(as shown by microbeam electron diffraction), they still yielded goethite-like Mrssbauer hyperfine parameters. For example, the 515-kOe maximum in the distribution of fields observed at 4.2 K for preparation 10 was similar to that for pure goethite (Morup et al., i983; Quin, 1986) and substantially larger than the ~480-kOe field found for ferrihydrite (Quin, 1986) . The hyperfine field distribution (Figure 11 B) is consistent with the presence of about 20% ferrihydrite in this material, as indicated by microbeam electron diffraction (see Table 1 ).
Goethite, substituted goethite, and related materials have been the subject of numerous M6ssbauer studies (see, e.g., Fysh and Clark, 1982; Murad and Schwertmann, 1983; Morup et aL, 1983; and references therein) . The unusual lineshape observed in the low-temperature magnetic spectra of synthetic and poorly crystalline natural goethite have been studied in detail, most recently by Morup et at. (1983) who proposed a "superferromagnetism" model based upon a modified Weiss mean-field theory for interacting particles. Quin (1986) obtained almost identical spectral results for several natural and undoped synthetic goethites. Recent work on Al-goethites (Fysh and Clark, 1982; Murad and Schwertmann, 1983) showed that the internal hyperfine field decreased by 0.5 kOe per mole % AI. At 20 mole % A1 the field was reduced to 495 kOe; however, the hyperfine field distribution and temperature dependence of the spectra were similar to those of both natural or microcrystalline goethite. In contrast, the samples examined here gave different spectral properties and hyperfine field distributions.
The general similarity of many of our synthetic materials to goethite is supported by their M6ssbauer hyperfine parameters. The isomer shift values, 5, obtained at low temperatures (see Tables 2 and 3) were nearly identical to the value of 0.48 +_ 0.01 mm/s obtained at 10 K for natural, highly crystalline goethite (Morup et al., 1983) . Furthermore, the range of average values at 4.2 K of the quadrupole shifts of -0 . 1 0 to -0 . 1 5 mm/s agrees well with the value of -0.12 _ 0.01 mm/s obtained at 10 K. As expected (see Fysh and Clark, 1982) , Si or P had a more pronounced influence on the average internal hyperfine field observed at 4.2 K. The natural goethite examined here gave a value of 509 kOe, the pure synthetic goethite, a value of 504 kOe, and the incorporated samples, a mean value of 502 kOe with a standard deviation of 6 kOe. These values compare well with the saturation value of 506 + 1 kOe obtained by Morup et al. (1983) for natural goethite and the range of lower values reported by E~ysh and Clark (1982) and Murad and Schwertmann (19', 83 )fq~ a series of Al-substituted goethites. ~ The data reported herein indicate a breakdown in long-range structural and magnetic order even if some small microcrystallites were present as aggregates resembling the acicular shape of pure goethite crystals (Cornell et al., 1983) . In other samples, the goethite nuclei and subsequent seeds that formed during the aging step of method I appear to be in an aggregate of doped ferrihydrite and non-diffracting material. The materials containing the largest amount of incorporated Si and P were almost completely noncrystalline, i.e., from X-ray powder and electron diffraction results, they showed no order at the lowest level of resolution, ~1 0 A .
At very low incorporation levels, as in preparations 2 and 9 which contained <2.5% Si or P, the magnetic properties and, hence, the M6ssbauer spectra were similar to those of the poorly crystalline natural or synthetic goethites (see Figure 4) . For the products containing large amounts of Si or P and which were not aged (i.e., prepared by method II), no evidence of order was found at temperatures >65 K. At lower temper-atures, a broader M6ssbauer spectrum was found (see Figures 8 and 10 for Si-and P-incorporated samples, respectively), due to the slowing of the magnetic relaxation on several different Fe sites in these poorly crystalline materials. At < 20 K the relaxation was slow, and a typical magnetic sextet M6ssbauer spectrum was observed. As shown in Figures 9 and 11 , however, the linewidth of the spectrum was much greater than that found for natural goethite (see Figure 3) , probably due to the variety of sites and, hence, hyperfine fields and moments in these materials. The different iron sites in the samples are indicated by the components shown in the M6ssbauer spectra and by the width of the hyperfine field distribution.
As seen in Tables 1-3 the samples prepared by method I (i.e., with aging) were different from those prepared by method II in that an ordered magnetic component was present either at room temperature, as shown in Figure 3 (Si-incorporated preparation 3) or at 97.7 K as shown in Figure 12 (P-incorporated preparation 12). The magnetic component in preparation 12 was observed at ~ 140 K and coexisted with a fully developed internal hyperfine field, more or less equivalent to that expected (see Morup et al., 1983) for poorly crystalline goethite. Furthermore, this magnetic component increased in intensity, and the quadrupole doublet component decreased in intensity with decreasing temperature ( Figures 5, 6 , and 12). Such behavior is indicative of superparamagnetism (Chukhrov, 1973) , with rapid fluctuation of the magnetization above the blocking temperature. Unfortunately, the average blocking temperature could not easily be determined, because at lower temperature the spectra were further complicated by the presence of slow magnetic relaxation, which gave rise to a broad spectral component similar to that discussed above for preparations 6 and 10. The combination of these features indicates a range of crystallite sizes and hence of blocking temperatures. At 4.2 K all of the samples prepared by method I gave similar spectra.
At room temperature as much as 50% of preparation 3 exhibited long-range magnetic order. This was unexpected because this material contained at most a trace of crystalline goethite, as estimated by microbeam electron diffraction. The ferrihydrite would not be ordered at >60 K (Quin, 1986) . The "seed" crystals were apparently more influential on the magnetic properties than was expected. These microcrystals probably extended their influence into their surrounding aggregate of doped noncrystalline material in a fashion similar to that proposed by Morup (1987) for coupling between adjacent microcrystals in microcrystalline goethite.
In conclusion, the magnetic properties observed in the MiSssbauer spectra, i.e., the ordering temperature, as reflected in the relaxation rate, and/or the blocking temperature decreased with increasing Si or P incor- i ~ is relative to room-temperature a-iron foil are given in kOe.
2 As determined from the component fits.
and the fields poration. This decrease was probably due to the extensive loss of crystallinity (see above) that accompanied the Si or P incorporation, the effect being greater for P than for Si. This loss suggests that Si and P did not replace Fe in the goethite structure. Such a replacement would have resulted in drastic reductions in the Si saturation hyperfine field. Instead, the Si and P must have been adsorbed strongly on crystal growth sites. It will be interesting to study natural materials from both mineral and biological sources to see how they behave when examined in this way.
